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ZincThe S100A3 homotetramer assembles upon citrullination of a speciﬁc symmetric Arg51 pair on its homodimer
interface in human hair cuticular cells. Each S100A3 subunit contains two EF-hand-type Ca2+-binding motifs
and one (Cys)3His-type Zn2+-binding site in the C-terminus. The C-terminal coiled domain is cross-linked to
the presumed docking surface of the dimeric S100A3 via a disulﬁde bridge. The aim of this study was to deter-
mine the structural and functional role of the C-terminal Zn2+-binding domain, which is unique to S100A3, in
homotetramer assembly. The binding of either Ca2+ or Zn2+ reduced the α-helix content of S100A3 and mod-
ulated its afﬁnity for the other cation. The binding of a single Zn2+ accelerated the Ca2+-dependent
tetramerization of S100A3 while inducing an extensive unfolding of helix IV. The Ca2+ and Zn2+ binding afﬁn-
ities of S100A3 were enhanced when the other cation bound in concert with the tetramerization of S100A3.
Small angle scattering analyses revealed that the overall structure of the S100A3 tetramer bound both Ca2+
and Zn2+ had a similar molecular shape to the Ca2+-bound form in solution. The binding states of the Ca2+ or
Zn2+ to each S100A3 subunit within a homotetramer appear to be propagated by sensing the repositioning of
helix III and the rearrangement of the C-terminal tail domain. This article is part of a Special Issue entitled:
12th European Symposium on Calcium.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The S100 protein family is the largest sub-group of EF-hand-type
Ca2+-binding proteins [1]. This family comprises more than 20
multigenic members, which are characterized by two highly conserved
Ca2+-binding domains: a classical C-terminal EF-hand motif with a ca-
nonical Ca2+-binding loop and an S100-speciﬁc N-terminal EF-hand
motif. Most members of the S100 protein family, except for the mono-
meric S100G, form a non-covalently associated anti-parallel dimer or-
ganized into an eight helix bundle, even in the absence of Ca2+.
However, several S100 proteins have been reported to assemble into a
variety of biologically active multimeric forms larger than a dimer
[2–5]. The assembly of the S100A3 tetramer [6], S100A8/S100A9
heterotetramers [4,7,8] and S100A12 hexamer [9] strictly depends on
Ca2+, while the S100B tetramer is stable in the absence of Ca2+ [5].II isozyme of peptidylarginine
type
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09The binding of Ca2+ to the S100A12 dimer and the S100B tetramer in-
terfaces, in addition to the EF-handmotifs of each subunit, facilitates the
assembly of the hexamer [9] and octamer [5], respectively.
In addition to Ca2+, other metal ions, such as Zn2+ and Cu2+, bind
to several S100 proteins with high afﬁnities. Although characterization
of the Zn2+- and Cu2+-binding sites has been hampered due to the ab-
sence of a conserved motif, recent analyses of the crystal and solution
structures have identiﬁed their locations. While His and Asp/Glu resi-
dues coordinate a common Zn2+-binding site at the homodimer inter-
faces of S100A7 [10], S100A12 [11,12] and S100B [13] andmost likely at
a similar site in the S100A8/S100A9 heterodimer [14], Cys/His residues
coordinate the extremely high afﬁnity Zn2+-binding sites within each
subunit of S100A2 [15] and S100A3 [16–18]. The Zn2+-binding sites
are also coordinated between the dimer components of the S100A2 tet-
ramer [15] and S100A12 hexamer [12]. Although binding of Zn2+ to
some S100 proteins has been reported to inﬂuence their Ca2+-afﬁnities
[12,15,19,20], neither the molecular mechanism of how the binding of
one cation modulates the afﬁnity for another, nor the functional role
of Zn2+ in assembling S100 multimers, is understood.
S100A3 is highly expressed in the cuticular cells of hair follicles and
organizes into the mature hair cuticles that function as a physical and
chemical barrier [21,22]. S100A3 is unique among S100 proteins in
that it has the highest cysteine content (10%) [23]. As shown in Fig. 1,
1713K. Kizawa et al. / Biochimica et Biophysica Acta 1833 (2013) 1712–1719four out of the 10 cysteines in S100A3 are capable of forming two disul-
ﬁde bridges [18]. Cys30 and Cys68 connect two Ca2+-binding loops
(SS1), and Cys99 in the C-terminal coil interacts with Cys81 in the
helix IV (SS2). Furthermore, afﬁnity for Zn2+ of S100A3 has been
reported to be variable, depends on the adopted puriﬁcation and bind-
ing assay conditions. Initially reported Kd of the aerobically puriﬁed re-
combinant protein was ~10 μM [24]. Adoption of anaerobic condition
for S100A3 puriﬁcation enhanced the Zn2+-afﬁnity (Kd=1.5 μM)
[16]. The Kd determined by dialysis experiment in the presence of gluta-
thionewas 4 nM [17]. The tetrahedral binding site for a single Zn2+was
predicted to be coordinated with minor movements of Cys83, Cys86
and His87; and recruitment of Cys93 within a subunit chain [17,18].
We previously reported that the citrullination of Arg-51 in S100A3 by
the type III isozyme of peptidylarginine deiminases (PAD3) remarkably
increased its very low Ca2+ afﬁnity (Kd=13 to 2.4 mM) concomitant
with the assembly of the homotetramer [6]. Although the crystal struc-
ture of the properly folded S100A3 revealed that the C-terminal
Zn2+-binding domain is exposed on the presumed docking surface
[18], its structural and functional roles in the assembly of a
homotetramer are still unknown. In this study, we analyzed S100A3
structures in solution by ﬂuorescence and circular dichroism spectrom-
etry and small angle X-ray scattering (SAXS) in the presence of either
Ca2+ alone or both Ca2+ and Zn2+ to elucidate their corporative roles
in the assembly of the homotetramer.2. Materials and methods
2.1. Human recombinant S100A3 proteins
The wild type (WT)-S100A3, Arg51 substituted mutant (R51A) and
SS2-deﬁcient mutant (C81A+C99A) used in this study were produced
in Sf21 cells by inoculating the cells with recombinant baculoviruses
followed by protein puriﬁcation, as described previously [18,25]. The
protein concentrations were determined using a molar extinction coef-
ﬁcient of 14,500 M−1 cm−1 at 280 nm.I
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Fig. 1. Representative structure of apo-S100A3 dimer. Two subunits (in green and
brown) comprise four helices each (I–IV), based on a crystal structure of properly
folded S100A3 (PDB code, 3NSI). SS1 connects Cys30 in the N-terminal S100 speciﬁc
EF-hand type Ca2+ binding loop (EF-1) and Cys68 in the C-terminal classical EF-hand
(EF-2) is labeled in the green subunit. SS2 attaches Cys99 in the C-terminal coil struc-
ture to Cys81 in the helix IV is labeled in the brown subunit. SS1 and SS2 in each other
subunit locate behind the translucent helices. An indole group of Trp45 (an intrinsic
ﬂuorescent probe) and a guanidinium group of Arg51 (a target residue of PAD3 en-
zyme) are illustrated in the brown subunit. The residue numbers of Cys83, Cys86,
Cys93 and His87 that coordinate a single Zn2+ binding site of the brown subunit are
indicated in yellow and blue circles.2.2. Fluorescence measurement
The Ca2+-induced reorientation of helix III in S100A3 was moni-
tored by measuring single Trp45 ﬂuorescence with Zn2+. The recombi-
nantWT-S100A3 and its mutated proteins (2 μM each) were premixed
with up to 5 molar equivalents (eq.) of ZnSO4 per monomer in 50 mM
Tris–HCl buffer containing 150 mM KCl and 1 mM DTT (pH 7.5). The
emissionﬂuorescence intensities at 340 nmof Zn2+-loaded S100A3 ex-
cited at 295 nm were recorded after the addition of serial concentra-
tions of CaCl2 as has been described previously [6,16,24]. Alternately,
the ﬂuorescence intensities of S100A3 preloaded with Ca2+ were
recorded after the cumulative addition of ZnSO4. When only partial re-
duction was achieved with Zn2+ in the Ca2+-free form, the full reduc-
tion was accomplished by adding CaCl2 at concentrations of up to
10 mM.
2.3. CD spectrometry
The secondary structural change of S100A3, which has been previ-
ously reported for helix IV to occur in a Zn2+-dependent manner [17],
was monitored by far-UV CD spectrometry with the addition of either
Ca2+ alone or both Ca2+ and Zn2+. The CD spectra of recombinant
WT-S100A3 and R51A (15 μM of each) were recorded in 20 mM Tris–
HCl buffer containing 150 mM KCl and 0.2 mM DTT (pH 7.5) using a
J-720 spectropolarimeter (Jasco, Japan) equipped with a rectangular
quartz cell (1-mm path length). The spectrum data were collected four
times at a bandwidth of 2 nm, a scan speed of 100 nm/min, and a re-
sponse time of 4 s and combined. Considering that the crystal structures
of apo-dimers of WT-S100A3 (PDB code: 3NSI) and R51A (3NSK) [18]
comprise four helices per monomer (13.8 residues per helix) but not a
β-sheet, the overall α-helix content was calculated with the following
equation: α-helix content (%)=[θ]222/−32100×100 [26].
2.4. SAXS measurement and data analyses
The synchrotron radiation X-ray scattering datawere collected using
an instrument for SAXSmeasurement installed at BL-10C of the 2.5 GeV
Photon Factory storage ring in KEK (Tsukuba, Japan) [27,28]. The puri-
ﬁed recombinant S100A3 and R51A, which were serially diluted to
100, 200, 300 and 400 μM in 50 mM Tris–HCl buffer containing
150 mM KCl and 10 mM DTT (pH 7.5), were combined with various
concentrations of CaCl2 and/or ZnSO4 solution (9:1). The protein sam-
ples or the supernatants collected after centrifugation (in the case of
Zn2+-supplemented samples)were transferred to amica cellwith a vol-
ume of 40 μL. A range ofmomentum transfer equal to 0.02bs/Å−1b0.35
(s=4πsinθ/λ, where 2θ is the scattering angle and λ=1.488 Å is a se-
lected X-raywavelength)was covered. The calibration of the equipment
was determined by observing peaks from dried chicken collagen. The
forward scattering data were collected for 10 min at 25±0.1 °C; X-ray
irradiation did not affect the scattering proﬁles for up to 30 min. The
four data sets collected for the lowest concentration (i.e., ~100 μM) of
S100A3/R51A and the two data sets collected for the higher concentra-
tionswere combined, and the solvent scattering valueswere subtracted.
The scattering datawere extrapolated to inﬁnite dilution. The values
of I(0)/K, where I(0) is the forward scattering intensity at an angle of
zero and K is a constant determined using calmodulin as the standard
protein, were estimated by the Guinier approximation [29]. The exper-
imentally determined I(0)/K for S100A3/R51A under metal-free condi-
tions and in the presence of either Ca2+ alone or both Ca2+ and Zn2+
indicated the dimer weight (MD) and the average weight of a dimer/
tetramer mixture (Mw), respectively. The weight fraction of the tetra-
mer is given by:
wT ¼
Mw−MD
MT−MD
: ð1Þ
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Fig. 2. Cooperative Ca2+- and Zn2+-binding modulation of S100A3. The effects of Zn2+
on Ca2+-dependent helix III reorientation in S100A3 were monitored using single tryp-
tophan ﬂuorescence. The ﬂuorescence intensities of WT-S100A3 (A) and R51A
(B) (2 μM each) at preloaded serial molar ratios of Zn2+ were recorded after the cumu-
lative addition of Ca2+. The ﬂuorescence intensities of Ca2+-loaded WT-S100A3 and
R51A were measured after the cumulative addition of Zn2+ (C). Overall, the S100A3
Zn2+-afﬁnities were indirectly estimated from these titration curves. The relative
rates of each measured point versus the maximum reduction are plotted.
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2MD+8MCa+4MZn for the Ca2+/Zn2+-bound form. The mole fraction
of the tetramer is given by:
ζT ¼
wTMT
1−wTð ÞMD þwTMT
¼ wTMT
MW
: ð2Þ
The particle forward scattering function and the radius of gyration
for the tetramer (I(s)T, Rg,T) were derived subtracting the values de-
termined experimentally for the dimer (I(s)D, Rg,D) from those of
the mixture (I(s), Rg) as follows:
I sð ÞT ¼
I sð Þ− 1−ζTð Þ I sð ÞD
ζT
ð3Þ
R2g ;T ¼
R2g− 1−ζTð Þ R2g ;D
ζT
: ð4Þ
To elucidate the overall molecular shape of the proteins, the pair
distribution function P(r) was calculated by the indirect Fourier
transformation package GNOM (freely available at http://www.
embl-hamburg.de/ExternalInfo/Research/Sax/gnom.html) [30]. The
maximum dimension (Dmax) was estimated from the P(r) curve,
which becomes zero at values of r equal to or greater than the
Dmax of the particle. Dummy atom models for the WT-S100A3 and
R51A dimers were generated using the program DAMMIN (freely
available at http://www.embl-hamburg.de/ExternalInfo/Research/
Sax/dammin.html) with a molecular point symmetry constraint to
P2 and oblate shape constraint and for both tetramers with a molec-
ular point symmetry constraint to P22 but no shape constraint [31].
Five ab initio models were averaged, and a low resolution structure
was computed.
3. Results
3.1. Allosteric Ca2+/Zn2+-binding modulation of S100A3
Trp45 ﬂuorescence has been utilized for evaluation of both Ca2+ and
Zn2+-induced conformational changes of S100A3 [6,16,18,24]. The
ﬂuorescence intensity at concentrations below 10 μM Zn2+ was only
~5% of wild type and ~25% of R51A compared to the reduction induced
by Ca2+ (not shown). This ﬁnding indicates that the binding of Zn2+ to
its speciﬁc binding site, which is preformed in the C-terminus [17], rare-
ly induces helix III reorientation. The relatively small reduction by Zn2+
allowed us to estimate the Ca2+ afﬁnity of S100A3 from the ﬂuorescent
titration curve created in the presence of Zn2+. Concurrent binding of
Zn2+ shifted both sigmoid curves of the Ca2+-induced conformational
change in WT-S100A3 and R51A to similar extents, but compared to
WT-S100A3, the afﬁnity of R51A for Ca2+ apparently increased at a
lower Zn2+ concentration (Fig. 2A and B).
The ﬂuorescent titration curves for Ca2+-free WT-S100A3 and R51A
measured at various concentrations of Zn2+ (Fig. 2C) are both bi-phasic,
as has been previously reported [24]. Previously reported spectroscopic
investigations strongly suggest that there are two binding sites for Zn2+
with different afﬁnities [16]. Although the high afﬁnity Zn2+ binding
site is presumed to comprise three residues (Cys83, Cys86 and His87)
preformed on helix IV and one cysteine (Cys93) recruited within a
subunit chain [18], the location of the low afﬁnity Zn2+ binding site in
theproperly folded S100A3 is still vague. Theﬁrst gentle slope likely cor-
responds to the Zn2+ binding to the C-terminal (Cys)3His-type speciﬁc
site [18]. Although the ﬁrst slope of R51A was apparently larger than
that of WT-S100A3, the Zn2+ afﬁnities estimated from the half maxi-
mum points were almost comparable to those previously reported
(Kd=~10 μM) [24]. The ﬂuorescence intensities of S100A3 were fully
reduced by Zn2+ in conjunctionwith sub- tomilli-molar concentrations
of Ca2+, and the titration curves became sigmoid (Fig. 2C). In thepresence of 1 mM Ca2+, the Zn2+ afﬁnity of R51A (Kd=1.5 μM) was
apparently higher than that ofWT-S100A3 (Kd=7.4 μM).We previous-
ly reported that disruption of the disulﬁde bridge between Cys81 and
Cys99 also increased the Ca2+ afﬁnity (Kd=3.5 mM for C81A+C99A
and 0.85 mM for R51A+C81A+C99A), which was most likely because
the relocation of the C-terminal coil structure exposed on the docking
surface made another dimer accessible [18]. The Ca2+ afﬁnities
of these mutants are affected by an equivalent molar of Zn2+ to a
lesser extent (Kd=2.1 mM for C81A+C99A and 0.48 mM for
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teins (Fig. S1).
3.2. α-Helical rearrangement within the S100A3 homotetramer
To evaluate changes in the secondary structure, we utilized far-UV
CD spectrometry to analyzeWT-S100A3 (not shown) and the R51Amu-
tant loaded with either Ca2+ alone or both Ca2+ and Zn2+ (Fig. 3). The
calculated α-helix contents of the apo-forms of WT-S100A3 (56%) and
R51A (54%) were consistent with those of their crystal structures
(55%; PDB codes, 3NSI for WT and 3NSK for R51A), assuming that the
seven disordered residues all adopt into a random coil conformation.
Ca2+-bound S100A6 has slightly higher α-helix content compared to
its apo-form, mainly due to the elongation of helix IV (60% in
apo-S100A6:1K9P vs. 64% in the Ca2+-bound form:1K9K). In contrast,
WT-S100A3 (not shown) and R51A (Fig. 3A) apparently underwent a
small reduction in their α-helix content when loading Ca2+ alone.
The higher extent of the helix reduction in R51A compared to that in
S100A1 previously reported [32] plateaued (i.e., ~9 residues) at concen-
trations higher than 10 mM of CaCl2 (Fig. 3D).
The binding of Zn2+ to a speciﬁc site, which is preformed in the
C-terminal domain of S100A3, was previously reported to result in the
partial unfolding of helix IV [17]. The addition of excessive Zn2+ (an
equivalent molar ratio of 4) reduced the α-helix contents of R51A to
~28% (i.e., 26 total helical residues not restricted to the helix IV)
(Fig. 3B and D). In the presence of 1 mM Ca2+, the extent of
Zn2+-dependent reduction in α-helix content in R51A was less than
that of Zn2+ alone (34% with an equivalent molar ratio of 4 Zn2+)
(Fig. 3C and D). The bi-phasic curve of α-helix contents in R51A
inﬂected at an equivalent molar ratio of Zn2+ as the ﬂuorescent titra-
tion curve shift of R51A ceased (Fig. 2B), suggesting that the binding af-
ﬁnity of the single Zn2+ is enhanced by 1 mM Ca2+. Considering that
the plateaus of CD spectra appear at 1 molar eq. of Zn2+ combined
with 1 mM Ca2+, the binding of Ca2+ induced a helix IV partial
unfolding similar to that induced by the binding of Zn2+ to the high af-
ﬁnity site. The helical region that unfolded with excessive Ca2+ alone
(~9 residues) appeared to overlap with that induced at 1 eq. of Zn2+
combined with 1 mM Ca2+ (~12 residues). Likewise, the α-helix con-
tent of WT-S100A3 was decreased to a similar extent by the addition
of excessive Zn2+ in combination with Ca2+ (data not shown).
3.3. Zn2+ is required for efﬁcient S100A3 tetramerization
To directly monitor changes in the molecular sizes of WT-S100A3
and R51A (i.e., the dimer to tetramer ratio), SAXS measurements were
performed using synchrotron radiation. The SAXS data, whichwere col-
lected at four protein concentrations and extrapolated to an inﬁnite di-
lution, were evaluated by the Guinier approximation (Fig. 4A). Theexperimentally determined Mw and Rg of the WT-S100A3 and R51A
homodimers at an inﬁnite dilution on Zimm plots were consistent
with the theoretical Mw (23,250 and 23,080; Fig. 4B) and previously
reported Rg values for S100A1 and S100B homo- and heterodimer mix-
tures derived from bovine brain (19.5–20.2 Å; Fig. 4C), respectively
[33]. As shown in Fig. 5, the weight and mole fractions of the R51A tet-
ramer, which were calculated by Eqs. (1) and (2) (in section 2.4.),
increased with lower Ca2+ concentrations compared to that of WT.
This ﬁnding suggests that both conformational change in helix III
(Fig. 2A and B) and reduction of helical structure (Fig. 3A)were induced
during Ca2+-dependent S100A3 tetramerization. The Rg value andMw
of WT-S100A3 increased to 25.8 Å and 1.9-fold at 100 mM CaC12, and
those of R51A increased to 24.7 Å and 1.6-fold at 30 mM CaCl2, respec-
tively. The overall structural parameters computed from the SAXS data
are summarized in Table 1. Both the Mw and Rg of WT-S100A3/R51A
at enriched Ca2+ levels increased depending on the ﬁnite protein con-
centrations (Fig. 4B and C), which were determined from the second
virial coefﬁcient (A2) and interparticle interference (Bif) values.
These results suggest that Ca2+ loading alone cannot complete the con-
version from dimer to tetramer, and some populations may undergo
Ca2+-dependent conformational changes, remaining in the dimeric
form at dilute protein concentrations while supra-physiological Ca2+
concentrations (>10 mM) tend to aggregate S100A3 into oligomers
larger than the tetramer.
The remarkable heterotrophic allosteric Ca2+-binding modulation
of S100A3 by Zn2+ (Fig. 2) led us to examine the effect of Zn2+ on
tetramerization. Because excessive Zn2+ precipitated S100A3 in the
presence of greater than millimolar levels of CaCl2, SAXS data could be
collected only for R51A. BothMw and Rg values for R51Awere increased
at higher molar ratios of Zn2+ in combination with 1 mM Ca2+,
although Zn2+ supplementation caused large deviations in the SAXS
data, as shown in the Zimmplots (Fig. 4B and C). These dataﬂuctuations
might result from impaired loading of Zn2+ into sites other than the
speciﬁc binding sites of R51A. The calculated molar fraction of
the R51A tetramer reached 100% in the presence of one molar equiva-
lent of Zn2+ and 1 mM Ca2+ (Fig. 5). This result suggests that the
incorporation of a single Zn2+, which most likely occurs at the
tetrahedral (Cys)3His site in each S100A3 subunit [18], is essential
for tetramerization. The Rg values of the extracted tetramer compo-
nents bound to either Ca2+ alone or both Ca2+/Zn2+, which were
calculated by Eq. (4) (in section 2.4.), are similar (~25 Å; Table 1).
Under the Ca2+/Zn2+ combined conditions, S100A3 efﬁciently assem-
bled a homotetramer regardless of the protein concentrations. These re-
sults suggest that both Ca2+ and Zn2+ cooperatively regulate S100A3
tetramerization. Although S100A3 assembles as a homotetramer in a
Ca2+-dependentmanner similar to the S100A8/S100A9 heterotetramer
[7,8] and S100A12 homohexamer [9] in vitro, Zn2+ appears to be essen-
tial for S100A3 tetramerization in vivo.
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symbols indicate the Guinier region. The data at ﬁnite protein concentrations are represented by Zimm plots. The concentration-dependence of KC/I (0, c) (B) and Rg (C) is shown.
Only the experimental error bars that were larger than the symbols were designated.
1716 K. Kizawa et al. / Biochimica et Biophysica Acta 1833 (2013) 1712–17193.4. Molecular shapes of the S100A3 dimer and tetramer in solution
A similar particle scattering data representation as that described
by Kratky [34] (Fig. 6A) and P(r) curves (Fig. 6B) for the apo-dimers
of WT-S100A3 and R51A were obtained by indirect Fourier transfor-
mation of the SAXS data using the GNOM program. The DAMMIN pro-
gram generated similar overall shapes (Dmax=52 Å) for the apo-WT
and R51A dimers, consistent with their substantially identical crystal
backbone structures (PDB codes, 3NSI and 3NSK) [18]. The dummy
atom model showed that the C-terminal coil structure exposed from
the presumed tetramerization surface consists of helices III and IV in
solution (Figs. S2A and 7A). Because the S100A3 dimer most likely
collides with other dimers in solution, the electric repulsion between
two WT dimers and the high occupancy of two intramolecular disul-
ﬁde bridges might explain the slightly smaller Rg (19.2 Å) of S100A3
compared to R51A (19.7 Å). There might be a slight difference20
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Fig. 5. Ca2+ and Zn2+-dependent increase in the size of S100A3. The Mw of R51A in-
creased at a lower Ca2+ concentration compared to that of WT. The Mw did not reach
theMT at Ca2+ concentrations up to 100 mM but exceeded theMT when a molar equiv-
alent of Zn2+ was added in combination with 1 mM Ca2+. MD and MT indicate the
dimer and tetramer masses, respectively.between the average molecular conformations of the WT and R51A
dimers.
The subtracted particle scattering function of components of the
R51A tetramer bound to Ca2+ alone (Fig. 6A) or both Ca2+ and
Zn2+ (not shown), which was calculated using Eq. (3) (in section
2.4.), produced similar P(r) curves (Fig. 6B). The DAMMIN program
generated an overall rod-like elongated shape with two concave seg-
ments for the R51A tetramers bound to Ca2+ alone and Ca2+/Zn2+
(Figs. S2B, S2C and 7A). The signature change in the P(r) curve corre-
lated with a shorter dimension of the front section of the Ca2+/
Zn2+-bound form (~51 Å) compared to the Ca2+-bound form
(64 Å). The maximum dimension of the tetramers (Dmax=~75 Å)
was signiﬁcantly larger than the usual dimeric organization of S100
proteins, suggesting that the original subunits were organized in a
stretched conformation.4. Discussion
The multimeric forms of several S100 proteins have been previ-
ously demonstrated. In most cases, their Ca2+-dependent dimeric
structures are conserved across different arrays of the crystal units
[5,8,9,35]. While it is necessary to conﬁrm the structures of S100 olig-
omers in a non-crystal state, little information is available regarding
their structures in solution. We previously reported that S100A3
spontaneously assembles as a homotetramer in hair cuticular cells
due to the regulation of post-translational citrullination by PAD3 [6].
In the current study, we obtained a low resolution structure of
S100A3 tetramers bound to Ca2+ alone and both Ca2+ and Zn2+ in
solution by SAXS analyses. The overall assembled shape of both
S100A3 homotetramers presented here is different from the previ-
ously reported crystal structures of Zn2+-bound homotetramers of
S100A2 [15] and S100A12 [11] and Ca2+-bound S100A8/S100A9
heterotetramers [8]. The large conformational changes, both in helix
III and the C-terminal Zn2+-binding domain, which is unique to
S100A3, revealed by the ﬂuorescent titration and CD spectra (Figs. 2
and 3) prevented us from manipulating any of the known structures
of the apo-, Ca2+- and/or Zn2+-bound S100 proteins that ﬁt into
the SAXS envelope.
Combined Zn2+ have been reported to increase the Ca2+-afﬁnities of
S100B and S100A12 [19,20] while decreasing that of S100A2 [15].
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Fig. 6. SAXS scattering data proﬁle. (A) Kratky plots of the scattering function of R51A
in the absence (open circles) or presence (open triangles) of 30 mM Ca2+. The particle
scattering function of the Ca2+-bound R51A tetramer (closed circles) was calculated
from the experimental data collected with the apo-dimer and the dimer/tetramer mix-
ture as described in Experimental procedures. (B) P(r) curves for apo-WT and R51A di-
mers and Ca2+ (and Zn2+)-bound R51A homotetramers.
Table 1
SAXS parameters of S100A3 collected under various Ca2+/Zn2+ concentrations.
Ca2+
(mM)
Zn2+
(mol eq.)
10−3 Mw
(g/mol)
Rg
a
(Å)
Rg, T
b
(Å)
Dmax
(Å)
105 A2c
(mol cm3/g2)
1013 Bifd
(cm5/g)
WT 0 0 23.2±0.2 19.2±0.2e – 52 −17 3
WT 100 0 42.8±0.4 25.8±0.3 26.2±0.3 75 −77 −67
R51A 0 0 23.1±0.2 19.7±0.2e – 52 −8 1
R51A 30 0 37.7±0.4 24.7±0.2 25.8±0.2 75 −57 −32
R51A 1 1 45.2±2.2 25.0±1.0 25.1±1.0 73 −13 −9
a Experimentally determined Rg at inﬁnite dilution.
b Calculated Rg for tetramer component.
c Second virial coefﬁcient.
d Parameter of interparticle interference.
e Equal to Rg,D.
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states nor their association with oligomerization have been reported for
any S100 proteins. In this study, we showed that the Ca2+-afﬁnity of the
EF-hand-type motif was enhanced in the presence of an equivalent
molar ratio of Zn2+. In turn, the Zn2+-binding afﬁnity for the tetrahedral
(Cys)3His site increased upon binding of Ca2+. This heterotrophic allo-
steric effect coincided with the reorientation of helix III, estimated from
the Trp45 ﬂuorescence reduction (Fig. 2), and the collapse of ~3 turns
in helix IV, deduced from the far UV-CD spectra (Fig 3), within the
homotetramer. Fig. 7B shows the postulated conformations of the
S100A3 subunit in dimers and tetramers assembled in the presence of ei-
ther Ca2+ or Zn2+. In the docking center of the apo-dimer, Cys99 revers-
ibly cross-links with Cys81 on the helix IV via a disulﬁde bridge (SS2).
The rigid C-terminal proline-rich domain exposed on the presumed
docking surface hinders self-association of S100A3 dimers. Compared
to the WT dimer, the R51A dimer (i.e., citrullinated S100A3) would col-
lide more frequently with other dimers as a result of the loss of electric
repulsion. In addition, the formation of SS2 might be required to main-
tain the homotetramer assembly because the low occupancy of SS2 in
R51A resulted in slightly lower frequency of transformation to a tetramer
compared to the WT in the presence of excessive Ca2+ alone (Fig. 5).
Therefore, we suggest that the middle part of helix IV neighboring
Cys81 is collapsed in the Ca2+-bound S100A3 homotetramer. Because
the following Cys83 coordinates a speciﬁc Zn2+-binding site [17], the
Ca2+-dependent helical rearrangement is likely extended to the tail
parts of helix IV in the Ca2+/Zn2+-bound R51A tetramer but not to
other helices. This larger rearrangement might result in a tighter associ-
ation compared to the Ca2+-bound form. The binding of a single Zn2+ to
the speciﬁc (Cys)3His site can efﬁciently reorient SS2 [18], and thus the
C-terminal domain would be excluded from the docking face. The helix
IV is reported to be essential for maintaining the dimeric association of
S100 proteins [36]. The C-terminal domain rearrangement may also
force extension of the original S100A3 dimer component within a
homotetramer, considering that loading of S100A3 with Zn2+ alone
causes it to dissociate intomonomers [17] in the decreased ionic strength
[37]. The Zn2+ seems to be a co-factor essential for S100A3
tetramerization under physiological intracellular Ca2+ levels. The
concave–convex docking surface of the S100A3 dimer is likely
transformed by helices III and IV in a Ca2+ and Zn2+-dependentmanner.
Both S100A3 and PAD3 form homodimers in the absence of metal
ions [38]. Considering that Zn2+ inhibits PAD3 activity (data not
shown), the responsible dimeric PAD enzyme is thought to
citrullinate target arginine residues in dimeric S100A3 in the presence
of Ca2+ alone. Subsequently, citrullinated S100A3 assembles into a
homotetramer in the epithelial cellular compartments in the pres-
ence of both Ca2+ and Zn2+. The free Zn2+ concentration in eukary-
otic cells is tightly controlled below the nM level [39], although its
total level when considering Zn2+ bound to various Zn2+-ﬁnger
and ring-ﬁnger proteins and metallothioneins reaches up to a several
hundred nM to micromolar concentration [40]. In premature cuticu-
lar cells, the majority of intracellular Zn2+ is most likely labileamong reduced glutathione and high sulfur keratin associated pro-
teins and to some degree binds to S100A3. The citrullinated S100A3
complexes with Zn2+ at sub-μM levels in the presence of Ca2+ at ap-
proximately the mM level (Fig. 2C), which fully activates the respon-
sible PAD enzymes. It has also been reported that the Zn2+-afﬁnity of
S100A3 remarkably increases (Kd=4 nM) in the presence of gluta-
thione [17]. Thus, the free Zn2+ concentration may reach these levels
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dimer and tetramer bound to Ca2+ alone and to both Ca2+ and Zn2+ were computed using the DAMMIN software. An S100A3 subunit within each model is shown in green. The
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another at the docking interface. The additional binding of the single Zn2+ to the preformed site (Cys83, Cys86 and His87) of each subunit by recruiting Cys93 allows its efﬁcient
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where PAD enzymes function.
In the absence of Ca2+, S100A3 has been reported to be capable of
binding 2.4–3.0 Zn2+ permonomer [17]. Previously reported UV–vis dif-
ference spectra strongly suggest that S100A3possesses twoZn2+binding
sites with tetrahedral geometry [16]. In the previously proposed model,
in addition to the single Zn2+-binding site coordinated by (Cys)3His res-
idues [18], Cys81 and Cys99 participate in the binuclear GAL4
(Zn2+)2-like cluster. Our results reveal that the properly folded
S100A3, which carries a disulﬁde bridge between Cys81 and Cys99
(SS2), is also capable of binding more than one molar equivalent of
Zn2+. The Zn2+ clustermay be coordinated between two subunits or as-
semblies because higher order oligomers than the tetramer seem to be
formed under such circumstances (Fig. 5). The binding of Zn2+ to low af-
ﬁnity site(s) largely reduced the α-helix content (Fig. 3B), but this was
partially abrogated by Ca2+ (Fig. 3C). These results suggest that the bind-
ing of the second Zn2+ to S100A3 apparently has different effects from
that of the ﬁrst ion. It is possible that the Zn2+ cluster formation releases
Ca2+ from S100A3 tetramers, which is recycled for PAD activation.
The heterotrophic allosteric Ca2+/Zn2+-binding modulation of
S100A3 in concert with its tetramerization sustains not only its previous-
ly proposed role as a Ca2+-modulator required for the protein-modifyingenzymes that mature hair cuticles [1,6] but also suggests that S100 pro-
teins are associated with Zn2+ homeostasis in the superﬁcial epithelium.
Zn2+-deﬁciency has been implicated to cause hair loss, thickening and
hyperkeratinization of the epidermis [41] and the formation of esophage-
al squamous cell carcinoma [42]. Because the S100A3 subunit induced
large conformational changes within the homotetramer, it was difﬁcult
to construct atomic coordination models for its tetramers in the present
study. The transformed S100A3 dimer seems to be capable of interacting
with other dimers via a larger area than the conservative dimer structures
of previously reported crystal forms of tetramers and higher oligomers,
such as the S100A12 hexamer [4] and the S100B octamer [5]. This unique
tetrameric architecture, which acts as a Ca2+/Zn2+-signal transducer,
should be further analyzed at a higher resolution to elucidate the under-
lyingmolecular mechanism that propagates Ca2+/Zn2+ binding states at
the atomic level.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamcr.2012.07.009.
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